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INTRODUCTION
The genus Phytophthora includes a diverse group of notorious plant pathogens worldwide, which can cause considerable damage to crops, forest trees, ornamentals, and herbs by infecting their roots, rhizomes, foliage, and fruits, ultimately causing root rot, canker, spot, and wilting [1] . Phytophthora belongs to the Order Pythiales and Phylum Oomycota, a group of fungus-like organisms that was placed in the Kingdom Chromista [2] . As early as the 1840s, potato late blight disease caused by Phytophthora infestans de Bary led to the devastating Irish potato famine. P. ramorum, responsible for sudden oak death and ramorum blight in Europe and in the Americas, caused enormous economic losses and the destruction of forest ecosystems [3, 4] . Furthermore, many Phytophthora species such as P. kernoviae and P. alni are serious pathogens of forest trees [5, 6] .
As arborists have become increasingly aware of the risks of Phytophthora, large-scale investigations of Phytophthora prevalence in forests and natural ecosystems have been launched around the world. The number of species of Phytophthora identified worldwide has risen from 58 in the 1990s to more than 120 described species and informally designated taxa [7, 8] . More than 20 Phytophthora species have been isolated from aquatic environments including irrigation reservoirs and natural waterways [9] [10] [11] ; among them, some are well-known pathogens such as P. ramorum and P. cinnamomi [12] [13] [14] , whereas others are new species or previously unknown taxa [15] [16] [17] [18] .
Throughout China, a large-scale investigation of forest Phytophthora has been ongoing since 2005, and eight additional Phytophthora species were recovered from stream water or soils in rhododendron-oak forests of southeastern China [19] . In the survey spanning 2011 to 2013, a group of unique strains of Phytophthora in internal transcribed spacer (ITS) clade 9 were recovered from streams in Xichang city, Sichuan province. Preliminary sequence analysis revealed that these isolates are close to P. polonica. In the present study, we analysed the morphological characteristics and molecular data of these strains and determined them as a new Phytophthora species and formally named as Phytophthora pseudopolonica sp. nov.
METHODS
Collection and isolation of Phytophthora Surveys were conducted in forests in Xichang city, Sichuan province, from 2011 to 2013. All isolates of Phytophthora sp. were recovered from different streams by baiting with leaves of Ficus altissima, Ficus concinna, and Cyclobalanopsis glauca. The bait leaves were placed in the surveyed streams for 7-10 days, retrieved, and brought to the laboratory. Samples of both healthy and affected leaf tissue were cut into 2Â2 mm blocks and put on selective medium CARP + containing the antibiotics delvocid, ampicillin, rifampicin, Benlate, and hymexazol and cultivated at 20 C in the dark. The hyphal apex at the edge of the tissue blocks was transferred to CARP (CARP + without Benlate and hymexazol) for purification, and blocks of fresh cultures grown on corn meal agar (CMA) were transferred to microtubes containing 1.8 ml sterile water for storage at 4 C [19, 20] .
DNA extraction and PCR amplification DNA extraction followed the protocol of Huai et al. [21] . The ITS region containing ITS1, 5.8S rRNA gene, and ITS2 of all isolates was amplified with the forward primer ITS6 (5¢-GAAGGTGAAGTCGTAACAAGG-3¢) [22] and the reverse primer ITS4 (5¢-TCCTCCGCTTATTGATATGC-3¢) [23] . TUBUF2 (5¢-CGGTAACAACTGGGCCAAGG-3¢) and TUBUR1 (5¢-CCTGGTACTGCTGGTACTCAG-3¢) [24] were used to amplify the b-tubulin gene (Btub). PCR amplification of the translation elongation factor 1a gene (EF1a) was performed using primers ELONGF1 (5¢-TCAC-GATCGACATTGCCCTG-3¢) and ELONGR1 (5¢-ACG GCTCGAGGATGACCATG-3¢) [24] . Each PCR reaction (25 µl T identified in this study were compared with other sequences of closely related species in GenBank (http://www.ncbi.nlm.nih.gov/blast/) ( Table 1) . STADEN Package 1.6.0 (MRC, Cambridge, England) was applied to originally assemble the sequence data. Sequences were aligned using Clustalx version 2.0.12. Maximum parsimony (MP), maximum likelihood (ML), neighbour joining (NJ), and Bayesian methods were used for constructing phylogenetic trees. MP analysis was carried out for 1000 replications with PAUP version 4.0b10, using heuristic searches with random stepwise addition in 100 replicates finding the most parsimonious tree, and the branch-swapping algorithm was tree bisection and reconstruction (TBR). Tree length, consistency index (CI), homoplasy index (HI), retention index (RI), and rescaled consistency index (RC) were calculated [25] . ML analysis were conducted in MEGA5.1 [26, 27] using General Time Reversible (GTR) model with 1000 bootstrap replicates. The Bayesian phylogenetic tree was constructed with MrBayes3.2.6 using the Markov chain Monte Carlo (MCMC) algorithm to run for 1000 generations. MrModeltest2.3 was used for choosing the optimal model. Pythium aphaniderma was used as outgroup for ITS phylogenies. (CA), potato dextrose agar (PDA), and V8-juice agar with 0.02 g ml À1 b-sitosterol (V8S) at 20 C in the dark, and then they were photographed after 10 days.
Pure cultures of Phytophthora were transferred into CA and V8S and grown for 4-7 days in the dark at 20 C. The Growth temperatures LS06.2.3 and LS06.3.2 T were used to determine cardinal temperatures on CA, V8S, and PDA. Agar blocks (6 mm in diameter) were taken from actively growing areas of 10-day-old cultures and transferred to the centre of 10 cm Petri dishes with freshly prepared medium. Triplicate dishes per isolate were placed in an incubator at temperatures ranging from 5 to 40 C at five degree intervals in the dark. Two perpendicular diameter measurements of the colonies were taken after 2 days, and the daily growth rate was calculated.
Pathogenicity
The pathogenicity of LS06.2.3, LS06.3.2 T , and a third isolate, LS05.1.1 was evaluated using healthy leaves of Castanopsis fargesii, Castanopsis sclerophylla, and Cyclobalanopsis glauca. Six replicates were set up for each experimental group. Leaves were cleaned and punctured completely through to the other side three times with a needle. The wounds were covered with mycelial plugs and sealed with water agar, keeping them moist for 7 days. After suspect spots were observed, leaves were isolated and examined. T . GenBank accession numbers of ITS, b-tubulin and elongation factor 1a KY707104, KY787198 and KY707115.
RESULTS

Taxonomy
P. pseudopolonica formed hyphal swellings readily and abundantly on culture plugs suspended in sterile water; the swellings were usually spherical, peanut-shaped to distorted, and single or catenate (Table 2) . Abundant thin-walled spherical chlamydospores were generated in sterile water, CARP, and V8S, and they were intercalary (Fig. 1a) , lateral (Fig. 1b) , and terminal (Fig. 1c) , occasionally occurring on the short stalks. The chlamydospores measured 12-46 µm in diameter (mean 26.7±9.7 µm). Sporangia were not observed on any media, and only a few were produced in pea broth and sterile water. Sporangia were mostly ovoid (Fig. 1e, f ) but occasionally pyriform (Fig. 1d) . Sporangia ranged from 32 to 55 µm in length (mean 44.8±7.4 µm) and 28 to 44 µm in breadth (34.3±5.5 µm). They were nonpapillate and noncaducous, with extended internal proliferation (Fig. 1g) or nested proliferation (Fig. 1h) . P. pseudopolonica is homothallic; rich oogonia of the tested isolates were produced on CA, CARP, and V8S after 1 week, mostly borne on short branches terminally (Fig. 2a, b ) but sometimes laterally (Fig. 2c ). Oogonia were smooth and thin-walled, spherical, and occasionally thick-walled ( Fig. 2c) and had an average diameter of 20.1±1.5 µm. Antheridia were generally paragynous (Fig. 2a-c) but sometimes amphigynous (Fig. 2d) . Oospores were mostly aplerotic (Fig. 2c) and contained ooplasts when semi-mature to mature (Fig. 2c) .
Sequence analysis and phylogenetic position Four representative isolates of P. pseudopolonica produced 815 bp ITS sequences, which differed from each other at two or three positions, and there were seven to eight nucleotide differences between the ITS sequences and the close species P. polonica (GenBank accession no. DQ396409), which had 99 % identity. All isolates of P. pseudopolonica had identical 885 bp b-tubulin sequences and differed from the reference isolate (GenBank accession no. DQ399843) at six nucleotides. phylogenetic tree (Fig. 3) , the tested isolates clustered together into a single branch and were close to P. polonica in belonging to clade 9. The topology of the Bayesian phylogenetic tree was analogous to that of the ML and MP trees.
All isolates of P. pseudopolonica produced 885 bp b-tubulin sequences, which were identical but differed from the closely related species P. polonica (GenBank accession no. DQ399843) at six positions. All P. pseudopolonica isolates produced EF1a sequences of 855 bp that differed from each other at one or two positions and were distinct from that of the reference species P. polonica (GenBank accession no. DQ399849) at 21 positions. The Btub and EF1a data were combined and used for phylogenetic analysis, and the result supported P. pseudopolonica as a new taxon by a strong bootstrap probability (Fig. 4) . The ML, MP, and NJ phylogenetic analyses were produced with MEGA5.1.
Colony morphology and cardinal temperature
The representative isolates developed similar colony patterns after 7 days at 20 C (Fig. 5) . The colony morphology on PDA was obviously different from that on CA and V8S, for which the edge was irregular. Isolates of P. pseudopolonica produced radial patterns on CA, which were similar to those on V8S, but they grew relatively slowly. Aerial hyphae were generated at the centre of the colonies on V8S.
Data for the two isolates were repeated and merged, and means were plotted against temperature (Fig. 6) . The isolates could grow on three kinds of media at C, yet they barely grew at 5 C or 35 C. Isolates began to grow on 
Pathogenicity
All leaves of Castanopsis fargesii, Castanopsis sclerophylla and Cyclobalanopsis glauca inoculated with isolates of P. pseudopolonica produced black spots in 3 days. After 7 days, lesions extened to a maximum of 15 mm on leaves of Castanopsis fargesii and Castanopsis sclerophylla, and the necrotic area depended on the isolate and indicator plant; necrosis was not consistently observed for the control group using inoculated water agar. According to these data, the three strains were not significantly different with respect to their pathogenicity on different plants, except for isolate LS05.1.1 on Castanopsis sclerophylla.
DISCUSSION
With the increasing attention to disease caused by Phytophthora and the expansion of survey fields including forest and stream ecosystems, quite a few new Phytophthora species have been described [7, 8, 28] . The Phytophthora genus was systematically categorized into eight primary clades for the first time by Cooke et al. [22] . Based on multiple genetic sequence analyses, clades 1-8, clade 9, and clade 10 were placed in a separate clade [29] . Clade 9 of Phytophthora was unresolved in the phylogenetic results published by Kroon et al. [24] , but like other rapidly expanding phylogenetic groups such as Phytophthora clades 2, 6, 7 and 8, 12 new clade 9 species have been described formally in the past 10 years [8, [30] [31] [32] [33] . So far, including P. pseudopolonica, Phytophthora clade 9 now includes 17 formal species although there is substantial diversity with respect to morphological, physiological, and genetic characteristics. Notably, most of the new clade 9 species were initially isolated from aquatic habitats, e.g., the species P. aquimorbida, P. hydrogena, P. macilentosa, and P. virginiana; in particular, P. irrigata was named for being isolated from irrigation water [15] .
Almost all of the clade 9 species are classified in Waterhouse [34] groups V and VI in morphology [8, 29] . The species are easy to distinguish from one another. P. pseudopolonica can be readily separated from P. hydrogena, P. hydropathica, P. irrigate, P. macilentosa, and P. parsiana based on its homothallism. The absence of sexual structures makes it easy to distinguish P. pseudopolonica from P. virginiana and P. macrochlamydospore. The new species differs from the closely related species P. polonica by growth temperature; P. pseudopolonica barely grows at 35 C, but the maximum growth temperature of P. polonica is 38 C [35] . Neither P. insolita [36] nor P. aquimorbida [30] produce antheridia. P. quininea is unique in that it produces larger oogonia [37] . In water culture, P. chrysanthemi produces abundant sporangia, which are mainly terminal and occasionally sympodial [25] . P. captiosa and P. fallax can be distinguished from P. pseudopolonica by the absence of hyphal swellings and chlamydospores, and their optimum growth temperatures are 25 and 20 C, respectively, on CA [38] . The optimum temperature for P. constricta is 22.5 C, which makes it easy to distinguish from P. pseudopolonica [39] . P. humicola also belongs to Waterhouse [34] group V but is placed in clade 6 based on a phylogenetic analysis, and it does not produce chlamydospores [40] .
All of the ITS sequences of P. pseudopolonica isolates are 815 bp, and they differ at seven to eight base positions compared with P. polonica. In addition, there are 6 and 21 nucleotide variations, respectively, in the b-tubulin and EF1a genes compared with the reference sequence. The phylogenetic analysis using MP and ML validated the results of morphological classification and strongly supported P. pseudopolonica as a new species, given that the isolates clustered in a single branch. In the phylogenetic tree based on the ITS, the isolates of P. pseudopolonica were placed together with P. polonica in the basal clade 9, the combined data for b-tubulin and EF1a belonging to clades 9 and 10 also support the position of P. pseudopolonica in phylogeny as described by Blair et al. [29] . However, It is necessary to select other target genes for more detailed studies.
At present, the ecologic and pathologic roles of P. pseudopolonica are not yet clear; however, many characteristics such as the production of nonpapillate sporangia are coincident with other soil-borne Phytophthora species [41] . Similar to a group of high temperature-tolerant species of clade 9 and many of clade 6, its optimum temperature is 30 C. Brasier et al. [41] suggested that the high-temperature tolerance might not have evolved as a consequence of adaptation to climate but instead is a physiological adaptation to ecology such as litter breakdown. In the in vitro pathogenicity test, leaves produced lesions within 3 days after inoculation, and symptoms were similar to the original symptoms produced from bait leaves. In addition, re-isolation from lesions met Koch's law. Our study indicates that P. pseudopolonica is unlikely to seriously threaten the ecosystem because the lesions on leaves in vitro were not very large. The range of hosts remains unclear, and it is unknown whether P. pseudopolonica is pathogenic to aquatic plants. Further studies are necessary to clarify its role and interactions with other Phytophthora species.
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